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The Mechanics of Adhesive Joints

H. F. Brinson

Significant Resnlts

The non-linear viscoelastic response of several commercial adhesives (I:% 73, I'M 300, ct al) and
other polymers (polysulfone, polycarbonate, et al) were extensi cly investigated in both bulk and
bonded states. It was shown that several non-lincar models (Schap : , lKnauss, etc.) could be used
to represent material response. Probably the most significant finding was the fact that the degree
of non-linearity is not only a function of the stress scale but the time scale as well. This means that
all short term testing and evaluation procedures may lead tn non-conwrvalive estimra'to of ,-.ri
~espolnsr

A new approach to the diffusion of moisture into polymers was developed and it was shown that
mechanical properties have a coupled dependence on both stress and moisture. 'his approach and
collaborating data provide new understanding of polymer behavior and offer the possibility of being
able to predict delayed failures or the durability of adhesive bonds subjected to both stress and
moisture with a precision not available previously.

A large amount of effort was expended in the development of finite element programs %%hich could
properly predict the response of bonded joints. The last code developed, NOVA, includes a non-
linear constitutive model and our non-linear diffusion model as well. Thus, it is possible to predict
the time dependent stress distribution of bonded joints under circumstances where the effects of
stress and moisture intrusion are coupled.

A new double cantilever beam (DCB) test specimen geometry was developed which allows the
measurement of the pure shear properties of an adhesive. 'his specimen has the advantage that it
is easier to make than either the iosepescu or acan specimen. A closed form strength of materials
solution was obtained and verified by the NOVA finite element code. Also, tests were performed
to validate the stress analysis.

It was definitively established that mechanical properties of the interphase must be known in order
for finite element models to be used to predict the durability or life of an adhesive joint. Efforts
are proceeding to develop procedures for the evaluation of the mechanical properties of the interface
layer. These include performing tests on a button specimen in an SEM and measuring defor-
mations using a stereo imaging technique. It is anticipated that mca-irement of mechanical prop-
erties will be possible at the micron scale. Additional future wor,. .iticipated to measure
properties at the sub-micron domain. These efforts are continuine ;,( ill eventually focus on the
I)CB test specimen geometry.

Probably the most important aspect of all of the above is that each accomplishment was performed
in an integrated interdisciplinary collaboration with colleagues in both materials science and chem-
istry. There is no question that our efforts have been .rlhanced by contributions from other fields
and vice versa.
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18. Zhang, M. J. and Brinson, II. F., "Cumulative Creep Damage for Polycarbonate and
Polysulfone," Experimental Mechanics, 26, June 1986, pp. 155-162. Also, Proceedings of the
1985 Spring SEM Conference, pp. 205-212.

19. Brinson, 11.1. and Grant, J. W., "Mechanical Properties for Durability Predictions of FRP
Bonded Joints," Composite Structures, 6, 1986, pp. 107-121.
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Surface and Interphase Modification and Analysis

D. IV. Dwight

Goals

With the eventual goal of using block copolymers as coiipling agents, this year's work was aimed
at understanding microphase separation in the bulk and surface segregation as a function of the
following variables: block size, topology and chemical composition, solvent and evaporation rate,
casting substrate and concentration in blends with homopolymer.

Significant Results

lPolymethyl methacrylate with graft sidechains of polvdimethyl siloxane showed a most interesting
effect of block size and concentration. At -50% siloxane of mw = 10,000 and 20,000 a higher
regular, rod-like morphology appeared in the bulk of thick cast films (using 'TIM on or with thin
films, the morphology was spherodidal.

For the first time, we demonstrated that segregation of a low surface energy block is suppressed at
substrate relative to the air surface. This was shown to be the case with sulfone/siloxane block
copolymers cast on water, mercury and crosslinked polydimethylsiloxane. Also it was shown that
eve1poration rate has a marked effect upon surface segregation: the siloxane surface concentration
was still increasing slowly after three day evaporation at room temperature. At the fastest evapo-
ration (about 1 minute for thin films cast on water), siloxane of mw = 9,000 showed preferential
segregation to the air surface while at mw= 4,000, air and water surfaces were identical.

In the poly(styrene/diene) triblock systems, SIS and SBS, preferential surface segregation of the
diene block was determined, and moreover the C = C linkages in the drenes were oriented away
from the surface. However, those effects were eliminated by using the solvent toluene as opposed
to TIIF.

Publications

1. Dwight, 1). W., "Center for Adhesion Science ip and Coining at Virginia Tech," Adhesive
Age, July 1983, pp. 29-32, 1983.

2. Dwight, D. W. and McCartney, S. R. F., "Ion Beam Sputtering of Polymers." Polymeric
Materials Science and Engineering Preprints, 50, 459, 1984. Presented at the 187th American
Chemical Society Meeting, St. Louis, MO, April 11, 1984.

3. Cheng, A. M., Dwight, I). W., Filby, J. A., Skiles, J. A. and Wightman, .1. P., "Chronic Acid
Anodization of Titanium 6-4 Alloy. !." [resented at the 188th American Chemical Society
Meeting, P'hiladelphia, PA, August 29, 1984. Submitted for publication in Industrial and En-
gineering Chemistry
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The Stress Analysis of Adhesive Joints
by the Finite Element Method

.1. N. Rclddv

Primary Goal

The pritniry goal of this research eflbri is to gain an understanding of the process of adhesion, and
predict the strength and reliability of adhesively bonded joints using the finitc element method.

Significant Results

The most significant contribution of the research is the development of a finite-clement comnputa-
tional procedure that accounts for geometric nonlinearity, Schapery'q nonlinear viscoelastic
constitutive model, and nonlinear moisture diffusion model. -lhe proccdure is validated for'both
geometrically nonlinear options for adhercnds by comparing the present results with those available
in the literature. A systematic investigation is carried to determine the geometric nonlinearity,
viscoelasticity, and moisture diffusion effects on the stress distributions in bonded joints.

In the two-dimensional finite-elcment analysis program, called NOVA, during this research the
large displacements and rotations experienced by the adherends and the adhesive arc taken into
account by invoking the updated Lagrangian description of motion. The adhesive layer is modeled
using Schapery's nonlinear single integral constitutive law for uniaxial and miltiaxial states of stress.
['ffect of temperature and stress level on the viscoelastic response is taken into account by a non-
linear shift factor definition. l'enetrant sorption is accounted for by a nonlinear Fickean diffusion
model in which the diffusion coefficient is dependent on the penetrant concentration and the
dilatational strain. The validity of the diffusion model is demonstrated by several numerical ex-
amples. A delayed failure criterion based on the Reiner-Weisenberg failure theory has also been
implemented in the finite element code. A Users' Manual on the computer program 'NOVA' is
also prepared and made available to interested people. The program could be coupled with a
commercially available pre- and post-processor programs to analyze viscoelastic bonded joints, and
predict stress and strain distributions and onset of failures.

Publications

1. Reddy, .1. N. and Roy, S., "Nonlinear Analysis of Adhcsively Bonded Joints," nt. .1. Non-
Linear Mechanics, 23, No. 2, pp. 97-112, 1988.

2. Roy, S. and Reddy, .!. N., "Nonlinear Viscoelastic Analysis of Adhesively Bonded Joints," Tir
Science and Technology. 16, No. 3, pp. 146-170, 1988.

3. Roy, S. and Reddy, J. N., "Finite Element Models of Viscoelasticity and Diffusion in
Adhesively Bonded Joints," Int. .1. Ninner. Methods in Engineering, 26, pp. 2531-2546, 199.

4. Roy, S. and Reddy, .1. N., "A Finite Element Analysis of Adhesively Bonded Composite
.Joints with Moisture Diffusion and Delayed Failure," Computers and Structures. 29, No. 6,
pp. 1011-1033, 1988.

5. Roy, S., Lefebvre, I). R., Dillard, D. A. and Reddy, J. N., "A Model for the Diffusion of
Moisture in Adhesive .Joints, Part III: Numerical Simulations," The .1. Adhesion Science, 27,
pp. 41-62, 1989.



Stress Durability Testing of Thermoplastic/
Titanium Adhesive Bonds in Severe Environments

Thomas C. Ward

Significant Results

The durability of Ti/PES adhesive bonds is studied by stress durability testing (ASTM 2919), uti-
lizing a "3M" durability tester. The testing apparatus consists of an immersion insulating/recircu-
lating bath with capacity to test twenty-four (24) specimens simultaneously. The test is performed
on single lap shear specimens (ASTM 1(102). These are fastened to a vertical fixture and loaded in
tension through an external spring. The load is applied with an hydraulic tensioning device, and
then released. The fixtures are immersed in water at 80°C. The time to failure is recorded by
switched hour timers. The single lap shear specimens are prepared positioning the Ti coupons and
I spin. PES film in an aluminum alloy jig and are compression molded. Additional specimens are
prepared incorporating I sp.in. Ti foil sheets between PES films to make a "sandwich" composite
bond structure. The metal surface of the coupons and the foils was modified by chromic acid
anodization (CAA). The creep results show a great degree of scatter. Also, it appears that the
durability of these bonds increases with larger number of interphases. The scatter of the data can
be attributed to the brittleness of the adhesive at test temperature. In this instance, processing
procedures are considered critical. The apparent increase in durability with larger number of
interphases indicates that the parameter of bond thickness should be controlled more carefully.
That is, the test specimens must have a uniform total bond thickness for every bond structure. This
aspect will be approached by compressing PES films of different thicknesses, and utilize a spacer
in the jig to achieve a constant uniform bond thickness. The fracture surfaces will be characterized
by X-ray Photoelectron Spectroscopy (XPS), Scanning Electron Spectroscopy (SEM) and FTIR
Microspectroscopy. The composite bond will be characterized by Dynamic Mechanical Analysis
(DTA). These analyses will aid in the prediction of the mechanical response of these bonds.

Publications

I. Kelly, S. S., Ward, T. C. and Glasser, W. G., "Multiphase Materials Within Lignin. VIII.
Interpenetrating Polymer Networks from Polyurethanes and Poly Methyl Methacrylate," ac-
cepted for publication, Polymer, 1989.

2. Bolvari, A. E., Ward, T. C., Koning, P. A. and Sheehy, D. P.. "Experimental Techniques for
Inverse GAs Chromatography," eds. D. R. Lloyd, 1'. C. Ward and II. P. Schreiber, p. 12,
American Chemical Society (1989).

3. Siochi, F. J., Ward, T. C., Haney, M. A. and Mahn, W., "Absolute Molecular Weight Dis-
tribution of I lydroxylpropylated Lignins," accepted for publication in Macromolecules (1989),
not out in proof yet.

4. Bolvari, A. E. and Ward, T. C., "Determination of Fiber-Matrix Adhesion and Acid-Base
Interactions," in ACS Symp. Ser. No. 391, eds. 1). R. Lloyd, T. C. Ward and 11. P. Schreiber,
p. 217 (1989).

5. Ko, C. U., Balcells, E., Ward, T. C. and Wightman, J. P., "Effect of Surface Topography on
the Relaxation Behavior of Thin Polysulfone Coatings on Pretreated Aluminum Substrates,"
J. Adhesion, 28, 247, (1989).
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Adherend Surface Characterization and Adsorption

.1. P iVightmnan

Primary Goal

The scientific goal of the research is the prediction of durability in metal-polyiner adhesion. The
specific goals of the research project arc the physical and chemical analysis of 'i 6-4 adheremnd sur-
faces, the determination of the performance of prctreatcd 'Ti 6-4 adherends bonded with a high
temperature epoxy and exposed to a hot-moist environment and the role of metal alkoxides in en-
hancing the durability of epoxy/Ti 6-4 bonds.

Significant Results

IPretreatnients given to Ti-6-4 adhcrcnds created chemically and physically reproducible oxide sur-
faces. Thc anodized surfaces were porous; whereas, the etched surfaces were not. T'RCO created
a rougher surface than the P/F (phosphate-fluoride) and CAA (chromic acid anodizcd) surfaces.
The work of adhesion between epoxy and Ti-6-4 oxides is thermodynamically predicted to decrease
in a water environment.

The strength and durability of Ti-6-4/FM-300 epoxy bonds was tested with the lap shear and the
wedge tests. FM-300 penetrated the porous oxides. The lap shear test was not sensitive to the.
surface pretrcatment when tested in ambient conditions. lowever, when the lap shear was placed
under 40% load and placed in hot, humid conditions, a clear differentiation between surface pre-
treatments was observed. By both the stress durability and the wedge test, the CAA and SIIA
(sodium hydroxide anodized') surfaces were most durable followed by the TURCO surfaces. The
P/F surfaces showed the poorest durability. T[he locus of failure differed between the lap shear test
and the durability tests.

Metal alkoxides were used to enhance the bond durability. See-butyl aluminum alkoxide (E-8385)
significantly enhanced the bond durability of the IP/F surfaces but leveled the durability of the CAA
surface to that of the iP/F coated with E-8385. The titanium alkoxidcs did not enhance the dura-
bility of P/F bonds. The locus of failure occurred within the primer layer. The aluminum alkoxide
surface contained a higher concentration of hydroxyl groups than the titanium alkoxides.

One explanation for the differences in durability between the pretreatments is surface area. The
porm'ius oxides were the most durable and also contained the highest surface area. The 'URCO
surfaces were the roughest, therefore, increasing the surface area over that of the P/F surfaces.
Moisture intrusion hydrolyzes physical bonds such as dipole-dipole, acid-base, hydrogen bonds.
The kinetics of moisture intrusion is slower for the higher surface area surfaces, thus better dura-
bility. The metal alkoxide coated P/F samples, however, contain approximately the same surface
area. But, the aluminum alkoxidc is qignificantly more durable. The concentration of surface
hydroxyls is higher, yielding a higher density of hydrogen bonds, thus better durability.

Publications

I. Siriwardane, R. and Wightman, J. P., "leats of Immersion of Titania Powders in Primer
Solutions,' ,C olloid and Interface Science, 92, 256-259, 1983.

2. Siriwardane, R. and Wightman, Ii, P., "Surface Characterization of Ti and Ti (6% At - 4%
V) Metal Powders and Interactions with Primer Solutions," , Adhesion. M5 225-239. 19,3.

3., Siriwardane, R. and Wightmnn, J P, Interaction of Water lind I lydrogn Chloride with
Oxide Surfaces. Ill. Titanium Dioxide," ,. Collold and Inserfaee Sienwe, 94, 502-513 (19,3).
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4. l)ias, S. and Wightman, J. P., "The Application or 'licrmodynamic and :S.pctro4copi'eTds-
niques to Adhesion in the 1olyimidc/Tl 6-4 and Polyphenylquinoxaline/'z 6-4 Systems.' in
Adhesive Chemistry, I. If. lcc (Ed.), Plenum, New York, pp. 481-488 (1984).

S. Khor, E., Gay, M. S., Taylor, L. S. and Wightman, J. P., "Moisture Effects in Lithium Doped
Polyirnitde I lms," .1. Polymer Sci: Polymer Chem. Edin., 23, 1 75- 182, 1985.

6. Wightman, .. P., a rcvicw or "Adhcsivc Chcmistry, Dcvclopments and Trcnds." J. Colloid 4
Interface Science, /11, 2Q4, IR6.

7. Wighitman, J. P., Surface Analysis F-xamincs Fundamental Adhesion Questions, Adhesve
Age, pp. 30-32, August 1987.

8. Filbcy, .1. A., Progar, 1). J. and Wightman, J. P., "Sodium Hydroxide Anodization of
Ti-6A1-4V Adherends," .1. Adhesion, 20, 283-291, 1987.

9. Brinson, H1. F., Wighttnan, J. P., Dillard, D. A., Lcfcbvr, 1). and Filbcy, J. A., 'est SPci-
inen (cornctries for Evaluating Adhesive Durability," in Proc. 19th SAAMPE "'ehn. Conf., pp.
152-164, SAMPE, Azusa, CA, 1987. •

10. Wightman, J. P., Brinson, H1. F., )illard, D. A., Moyer, 1). J. 1). and Ward, T. C., 'Durability-
of Structural Adhesive Bonds in a I lostile Elnvironment," in Proc. 5th Intl. Joint
AlilitaryfGovernment/Industry Symposiun on Structural Adhesive Bonding, USARDEC,
)ovcr, N.T, 1987.

11. Wightman, J. P. and Skilcs, J. A., "Analysis of Chromic Acid Anodizcd Ti-6AI-4V Adherends
with I ligh Temperature Structural Adhesives," SAMPE J., 24, No. 4, 21-24, 1988.

12. Filbey, J. A. and Wightman, J. P., 'Factors Affecting the Durability of Titanium/Epoxy
Bonds," in Adhesion 12, K. W. Allen, ed., pp. 17-32, Elsevier, London, 1988.

13. Filbey, J. A. and Wightman, J. P., "Factors Affecting the Durability of Titanium/Epoxy
Bonds" in Adhesion Science Review /, II. F. Brinson, J. P. Wightman and T. C. Ward, eds..
pp. 1-15, rile Virginia Tech Center for Adhesive and Sealant Science, Blacksburg, VA, 1988.

14. Wightman, J. ' id Skiles, J. A., "Analysis of Chromic Acid Anodized Ti-6AI-4V Adherends
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473-483, SAMPIE, Azusa, CA, 1988.
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